Introduction
The European sprat (hereafter referred to as sprat; Sprattus sprattus) is a small, oily pelagic shoaling fish inhabiting the Baltic, the Northeast Atlantic down to Morocco, and the northern Mediterranean basins, as well as the Black Sea (see the ICES FishMap for sprat). Northern Norway is the northernmost latitude to which the species is distributed. The sprat has been and continues to remain important in marine fisheries, sustaining catches between 100 000 and 200 000 t from the North Sea (NSEA)-Skagerrak in the period 1996 to date (ICES, 2011) . Catch data for sprat before 1996 are considered unreliable because of a large, but unknown, bycatch of juvenile herring (Clupea harengus; ICES, 2011). The sprat fishery is largely opportunistic, and is often more influenced by the abundance of other target species than by sprat abundance alone (ICES, 2009) . A commercial fishery targets sprat in the Norwegian fjords, yielding annual catches of 8000-16 000 t in the 1960s, and a peak of 18 000 t in 1972. Thereafter, the catches declined steadily until they stabilized at a low level in the 2000s (1400-3500 t annually; Official statistics, Norwegian Directorate of Fisheries).
The translation of genetic data in fisheries management has not been without its challenges (Waples et al., 2008) . However, for fully informed fishery management, it is necessary to quantify and understand the level of population genetic structure displayed within a given species. For example, is the commercial harvest conducted on one or more populations, and do those populations overlap in time and space? Marine fish, with their clear potential for long-distance dispersal, were once regarded as having limited population genetic structure, but it is increasingly evident that there is significant population genetic structure. For instance, a population structure has been observed in well-studied groundfish such as Atlantic cod (Gadus morhua; Knutsen et al., 2003; Pampoulie et al., 2006) . Moreover, a population genetic structure has been observed in such highly mobile pelagic species as mackerel Scomber spp. (Zardoya et al., 2004) and herring Jørgensen et al., 2005) .
The population genetic structure of sprat was first addressed in two pilot studies using haemoglobin and allozyme genetic variation in Norway (Naevdal, 1968; Jørstad and Naevdal, 1981) . Among samples of sprat collected in Norwegian fjords, there was some indication of population genetic structuring. However, despite a suggestion that sprat in Norwegian waters possibly consisted of two or more reproductively isolated populations, no geographic trend in genetic pattern was identified (Naevdal, 1968) . Looking at the broader range of the species, a mitochondria-based phylogeographic study of sprat from the Baltic Sea to the Black Sea, via the NSEA and the Mediterranean, revealed two major clades, separated across the Strait of Sicily (Debes et al., 2008) . Recently, highly polymorphic microsatellite DNA markers have been developed for sprat (Dailianis et al., 2008) , and they have been used to investigate the population genetic structure of sprat across a salinity gradient from the inner regions of the Baltic Sea to the southern NSEA (Limborg et al., 2009) . Those authors noted a highly significant population genetic structure across the environmental gradient between the Baltic Sea and the NSEA, but at most a very weak structure within oceanic basins.
Sprat from the most northern region of its distribution, including sprat within the Norwegian fjords, have to date not been subjected to analysis with DNA markers. Given the fact that the region has sustained a locally important fishery for this species, and that some evidence of population genetic structure has been revealed previously in pilot studies conducted in Norwegian fjords (Naevdal, 1968; Jørstad and Naevdal, 1981) , it was thought important to investigate samples from the region with the newly developed microsatellite markers. Consequently, the aim of this study was to investigate the population genetic structure of sprat, with emphasis on the genetic relationship between the larger oceanic populations, in the NSEA and Baltic Sea, and the sprat captured in Norwegian fjords.
Material and methods
The study is based on the analysis of 1025 sprat collected from 14 locations (Table 1; Figure 1 ). Except Nordfjord and Baltic Sea Gotland, all samples were taken in autumn and not during the spawning season (spring to early summer). Sampling during a spawning season represents the most robust approach to delineating population genetic structure, but most of the samples analysed here were collected as part of the Institute of Marine Research's (IMR's) scientific cruise for fjord sprats (see Table 1 ). In 2008, nine samples (31-100 fish per sample) were collected from seven Norwegian fjords. Data from the IMR cruise in November-December 2008 confirmed that all fjord sprat ≤8 cm were 0-year-olds, whereas larger sprat (≥8.5 cm) belonged to the 1+ group. A further two samples from Norwegian fjords, also taken on board IMR's vessels, were collected in 2001 (Nordfjord) and in 2007 (West Fornebu). In addition to 11 fjord samples, samples of sprat were collected from commercial vessels operating in the NSEA (2008) and the Celtic Sea (CEL; 2009; Figure 1 ). Finally, a subset of sprat constituting the Baltic Sea Gotland (2006) sample from the study of the species in the Baltic Sea (Limborg et al., 2009) was also included in the analyses. Hereafter, source codes for the sprat samples are generally used, as depicted in Table 1 .
Genotyping
DNA was extracted in a 96-well format using the Qiagen DNeasy kit. Each 96-well tray contained a minimum of two blank controls. Eight dinucleotide microsatellite loci developed for sprat (Dailianis et al., 2008) were amplified in two multiplex reactions: Multiplex 1-Spsp047, Spsp077, Spsp170, Spsp202; Multiplex 2-Spsp219, Spsp133, Spsp256, Spsp275. These markers were amplified using a slightly modified version (i.e. optimizing primer concentrations and using different reagent suppliers) of a protocol described previously (Dailianis et al., 2008) . PCR fragments were separated on an ABI 3730 sequencer and sized relative to the Applied Biosystem GeneScan TM -500LIZ TM size standard. Alleles were scored using automatic binning implemented in the Genemapper software (v4.0). Allele scoring was controlled independently by two persons.
Statistical analysis
The program MSA (Dieringer and Schlotterer, 2003) was used to compute summary statistics and values of the fixation index (F ST ; a measure of genetic distance among populations). Genepop (Raymond and Rousset, 1995) was used to test for deviation from Hardy-Weinberg equilibrium (HWE) for all loci within each sample. HWE is the state at which genotype frequencies in a population remain stable. This was examined statistically by Fisher's exact test (dememorization 10 000; 100 batches; 5000 iterations). The significance level was presented at a ¼ 0.05, in addition to applying Bonferroni correction for multiple tests (Rice, 1989) . Genepop was also used to estimate observed (H o ) and expected (H e ) heterozygosities (i.e. the fraction of individuals that are heterozygous in a population) and the inbreeding coefficient F IS .
Estimates of neutral demographic processes can be biased if one or more assumingly neutral genetic markers deviate from neutrality as a result of hitch-hiking selection (Neilsen et al., 2006) . Therefore, the program LOSITAN (Antao et al., 2008) was used to test the loci for neutrality. This program utilizes an F ST outlierdetection method to identify loci that are potential candidates for balancing or positive selection. To test for a general pattern of reduced genetic diversity in all the more isolated fjord populations compared with the assumed larger Atlantic populations (CEL and NSEA), we applied the permutation test implemented in FSTAT v2.9.3 (Goudet, 1995) to compare levels of allelic richness (R S ) between these groups. A one-sided test assuming reduced diversity in fjord populations and using 2000 permutations was computed.
To identify any potential cryptic genetic variation within and among samples, Bayesian clustering analysis, as implemented in the program STRUCTURE 2.2 (Pritchard et al., 2000; Falush et al., 2003) , was used to assign individual fish to groups without using prior information about their origin. Runs were conducted for the number of putative populations (i.e. k), set at 1 -5, each with five iterations. Correlated allele frequencies and an admixture model were assumed. Each run consisted of a burn-in of 250 000 Markov-chain Monte Carlo steps, followed by 1 000 000 steps. MEGA (Tamura et al., 2007) was used to produce phylogenetic trees using the UPGMA (unweighted pair group method with arithmetic mean) method on matrices of pairwise F ST values. The trees were linearized assuming equal evolutionary rates in all lineages (Takezaki et al., 1995) .
Results

Dataset and HWE
From in all 8200 genotypes potentially scored (8 loci × 1025 samples), .95% genotyping coverage was achieved. Fish Figure 1 . Locations of sprat sample collection used for this study. For further detail, see Table 1 .
Microsatellite DNA reveals genetic differentiation among sprat sampled throughout the NE Atlantic displaying genetic data for three or fewer loci were excluded from statistical analyses.
From a total of 112 tests (all loci in all samples), 37 significant deviations from HWE were observed at p ¼ 0.05 (Table 1) . When adjusted for Bonferroni correction (8 loci; critical p ¼ 0.006), 21 tests remained significant. These were unevenly distributed, with three loci responsible for most of the deviations: Spsp077 ¼ 7, Spsp133 ¼ 8, Spsp275 ¼ 2 (all other markers yielded one or fewer deviations post-correction). These deviations are most likely caused by null alleles, as reported previously for these markers (Limborg et al., 2009) . Consequently, all statistical analyses were conducted on the full set of eight markers in addition to the subset of five markers excluding those displaying extensive deviation from HWE.
Looking specifically at samples, HWE was distributed unevenly among them, with the HOL and FIN samples displaying no deviations at p ¼ 0.05, and the HAR-3, OSL, and HAR-1 samples each displaying deviation from HWE in four markers at p ¼ 0.05. Following Bonferroni correction and removal of the three loci deviating extensively from HWE, only a single deviation observed in the OSL sample remained.
Within-sample genetic variation
All samples displayed a high degree of allelic variation in all loci, ranging from a low of eight alleles in the Baltic Sea sample for locus Spsp170 to a high of 42 alleles in the NSEA, OSL, and HAR-1 samples for locus Spsp219. The total number of alleles observed for all eight loci pooled ranged from a low of 125 in the Gotland Basin (GOT) sample from the Baltic Sea to 209 in the NSEA sample.
Allelic richness, which partially corrects for the differences in sample size biasing allelic diversity estimates, modified the observed trend slightly, although the GOT (107) and the NSEA (146) samples still represented the samples with least and greatest allelic diversity in the dataset, respectively. Samples taken from the Norwegian fjords were similar in allelic richness to each other. Allelic richness in the fjord populations (R S ¼ 16.2) was significantly reduced compared with the group of two Atlantic samples (i.e. CEL and NSEA; R S ¼ 17.5, p ¼ 0.012).
Expected heterozygosity (pooled over all eight loci) displayed little variation among samples, ranging from 0.82 in the Baltic Sea sample to 0.89 in the NSEA and SOG samples. The inbreeding coefficient F IS (pooled over eight loci) displayed positive values in all samples except the Baltic Sea and Holandsfjord samples (both 20.02). The positive F IS values were quite large for some samples, suggesting too few heterozygotes. When computed for the reduced set of five loci (excluding Spsp077, Spsp133, and Spsp275), F IS values decreased markedly and the observed heterozygosities per sample were much closer to the expected ones (Table 2) .
Among-sample genetic differentiation
Overall, significant genetic differentiation was observed among the 14 samples (8 loci global
0001. Following tests of neutrality using the program LOSITAN, the locus Spsp275 was identified as a potential candidate for positive selection. Of the five loci included in the reduced set of markers conforming to HWE, informative loci still remained.
Pairwise F ST values computed using all eight loci, and the subset of five loci, revealed variable and, in some instances, highly significant differences among samples (Table 3) . In both cases, the sample originating in the Baltic Sea displayed the greatest differentiation of any sample (highest eight loci pairwise F ST ¼ 0.038, GOT vs. HOL; highest five loci pairwise F ST ¼ 0.043, GOT vs. HOL). Although small differences in relationships among samples were observed for the datasets including eight and five loci, the overall pattern of relationships was largely similar (Figure 2) . Specifically, the GOT sample from the Baltic Sea was most distinct, the samples from the CEL and the NSEA clustered together, and differences among fjord samples were smaller (although not without exception), largely non-significant (Table 3) , and significantly different from the CEL, NSEA, and GOT samples.
Bayesian clustering analysis failed to detect any significant genetic differentiation among samples, or any cryptic genetic structure (data not presented).
Discussion
This is the first DNA-based population genetic analysis comparing sprat sampled in Norwegian fjords, the species' most northern distribution, and the surrounding seas. Although statistically significant population genetic structure was observed throughout the sampling range, only weak evidence of population genetic structure was observed among the samples collected in different Norwegian fjords. The sample from the GOT displayed the largest genetic differences of all samples, with the next largest genetic differences originating in various combinations of fjord samples compared with either the NSEA or CEL samples. The last two samples were not statistically different from each other. Together, these data show that sprat display distinct, and statistically significant, population genetic differentiation among the three major regions sampled here: the Norwegian fjords, the NSEA and CEL, and the Baltic Sea, represented by a single sample from the GOT.
The sample originating in the GOT displayed the lowest genetic diversity, estimated by the total number of alleles pooled over eight loci. Further, that sample displayed the lowest allelic richness, which compensated for the bias of allelic diversity estimates between samples consisting of different numbers of fish. This observation is consistent with the results of Limborg et al. (2009) , who inferred a general trend of reduced allelic richness for Baltic Sea samples compared with a sample from the NSEA. Looking to Norwegian fjord samples, all displayed a lower allelic richness than either NSEA or CEL samples (Table 2) . It has been concluded before from mtDNA analyses (Debes et al., 2008) and microsatellite analyses (Limborg et al., 2009 ) that the lower genetic diversity in Baltic sprat compared with NSEA sprat could reflect relatively recent colonization of the region. It is possible too that a similar mechanism is responsible for the lower allelic richness in the Norwegian fjord samples compared with the NSEA samples.
Only small and mostly insignificant genetic differences were observed among the samples of sprat collected in Norwegian fjords, but relatively large and statistically highly significant genetic differences were observed between all fjord samples and the samples taken in the NSEA and the CEL. Together with the reduced allelic diversity observed in all fjord samples compared with the NSEA and CEL samples, it is our opinion that the data indicate limited connectivity among sea-going sprat (in this context referring to the sprat sampled in the CEL and NSEA) and those found in Norwegian fjords. In turn, this could provide a contributing factor to explaining why there has been a historical decline in Norwegian fjord populations in the same period that there has been a relatively stable catch of sprat in the open seas (ICES, 2011) . A pilot study analysing haemoglobin genetic variation among sprat sampled within Norwegian fjords revealed large genetic differences among some pairs of samples (Naevdal, 1968) . In that study, it was concluded that sprat were probably represented by at least two reproductively isolated spawning populations along the Norwegian coastline. However, haemoglobin genotypes have been linked with the growth rate in fish (Imsland et al., 2000) , although the relationship between genotype and phenotype is not always clear (Jørstad et al., 2006) . Therefore, inferring evolutionary relationships among populations using haemoglobin as the sole genetic marker needs to be done cautiously. Importantly, the haemoglobin analyses reported by Naevdal (1968) did not reveal any geographic pattern among samples of sprat from the Norwegian fjords, and both the samples from the haemoglobin-based and this study were almost exclusively taken during the period when the fishery operated between autumn and early winter as opposed to in the spawning season (spring to early summer). It is therefore possible that any population genetic structure among samples from the Norwegian fjords may have been influenced by migration. This situation may also have been complicated further by temporal variations in the influx of larvae into fjords, resulting from spawning of the sprat populations in the NSEA, the Skagerrak, and the Kattegat. For Atlantic cod off southern Norway, annual fluctuations in the prevailing oceanographic conditions have been demonstrated to cause variations in the local population genetic structure by varying the component of larvae resulting from NSEA spawning and local cod spawning (Knutsen et al., 2004) .
Sprat spawning has been documented in Norwegian fjords located on the west coast (Dannevig and Gundersen, 1954; Torstensen, 1984) . However, except fish caught in autumn in a fishery targeting primarily age-1 sprat, and the acoustic fjord cruise time series (1968 -2008 , mainly autumn to early winter), there are limited data on the abundance of sprat within Norwegian fjords over the year. Such demographic information would be invaluable in interpreting the patterns of genetic structure revealed here, specifically because our samples were collected outside the spawning season, when putative populations should be aggregated. Certainly, the fact that only small and mostly statistically insignificant genetic differences were revealed among Norwegian fjord samples, and that all these were highly differentiated from all the other samples analysed here, including the neighbouring NSEA, suggests that there may be considerable gene flow and demographic connection among sprat along the Norwegian coastline.
The only other analysis of sprat made with DNA markers found significant statistical differentiation between sprat sampled in the NSEA and the CEL (Limborg et al., 2009 ). This contrasts with the results of the present study, in which no genetic differences were observed between sprat sampled from these two areas. It is not possible to elucidate fully the apparent disparity between these two results, but it must be emphasized that the exact location and time of year of the samples taken from these two areas were different between the present study and that of Limborg et al. (2009) . Mixing different frequencies of partially separated populations on feeding grounds as opposed to distinct populations aggregating during their spawning season may well lead to the disparity between the results of this study and that of Limborg et al. (2009) .
Marine fish do not display population genetic structure only over extensive distances, but also over short distances (e.g. Knutsen et al., 2003) . Nevertheless, one has to urge caution in interpreting small but statistically significant genetic differentiation, because other potential sources of variation, e.g. genotyping errors and non-representative sampling, become relatively more important when the biological signal decreases (Nielsen et al., 2009) . Extensive temporal sampling permitted Knutsen et al. (2011) to demonstrate that small-scale spatial genetic variation was more important than temporal variation in determining the population genetic structure of cod in the fjords of southern Norway. Hence, to elucidate fully the population genetic structure of sprat among Norwegian fjords and between Norway and the surrounding seas, it is essential that this study be expanded to include extensive temporal sampling. First, within-year temporal sampling, to examine the potential influence of spawning season and the subsequent movements of these fish to and from regions where they are targeted by fisheries in autumn, will be needed. Further, sampling between years, to examine long-term stability and the potential elucidating effects of pulses of larvae from spawning taking place outside the fjords, i.e. drifting from spawning in the NSEA and/or the Skagerrak/Kattegat, will be needed. Finally, expansion of the repertoire of genetic markers for this species may be required to extract the best possible information from the intensive sampling outlined above. Identification of a resource of single-nucleotide polymorphism markers may provide the necessary tools to achieve this. Selection of highly informative markers from larger panels (Glover et al., 2010) may reveal greater genetic differentiation when compared with small suites of microsatellite markers. This may be especially true when identifying markers under natural selection, permitting a greater ability to delineate population structure on an ecological time-scale that is of importance in the active implementation of DNA-based methods in managing fisheries (Waples et al., 2008) .
